Counterpoise-corrected, supermolecule, ab initio energies obtained at the MP2/6-311+G(2df,2pd) level were computed for 22 different relative orientations of two ethane molecules as a function of the separation distance between the molecular. These energies were used to regress the parameters in several simple, analytical, interatomic or site-site models that can be used for implementation in molecular simulations. Sensitivity analysis indicates that the intermolecular potential surface is insensitive to C-C interactions and that the parameters in the C-C model are coupled and unobtainable from the dimer energies. Representation of the potential surface can be made in terms of C-H and H-H interatomic potentials if the C-C interactions are treated as shielded. Simple Lennard-Jones and exp-6 models do not adequately represent the potential surface using these shielded models, nor do they produce the anticipated physics for the interatomic potentials. The exp-6 model with a damping function and the modified-Morse interatomic potentials both reproduce the intermolecular potential surface well with physically realistic inter-site potentials suitable for use in molecular dynamics simulations.
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I. INTRODUCTION
The accuracy of Molecular dynamic (MD) simulations for real fluids is primarily limited by the efficacy of the potential models used to model the fluid. Current MD models are generally of the force-field variety with the potential represented as a sum of intra-and intermolecular potentials.
Two major assumptions are commonly used to simplify the total potential: pairwise additivity and the use of site-site interactions. Pairwise additivity assumes that the potential energy of molecule m is adequately approximated by a sum of isolated pair energies. Thus,
where N is the number of molecules. This assumption permits parameterization of the potential in terms of the relative coordinates of only two molecules, but it neglects multi-body effects.
Neglect of multi-body effects is usually partially compensated for by the use of empirical parameters in the pair-potential model. Therefore, even though multi-body effects may be important for condensed-phase simulations, errors due to multi-body effects may not be apparent if the pair parameters have been tuned with experimental data at about the same density. While the use of empirical parameters permits prediction accuracy exceeding the inherent limitations of the model, it may also restrict the efficacious use of the model to densities and properties that are similarly affected by this compensation of model inadequacy with adjusted parameters.
The second common assumption, site-site additivity, assumes that the molecular pair can be further represented as a sum of potentials between interacting sites, often atomic centers, located within the molecules. Within this approximation, the isolated pair potential between molecules m U mn (r, ) ' j
and n can be represented by where u mn ij is the potential energy between site i on molecule m and site j on molecule n and I and J are the total number of sites on m and n, respectively. We use here a lower case u for interatomic or site interactions and an upper case for molecular interactions. Such potential models are particularly convenient for molecular simulations because the angle dependence of the model is included implicitly through the inter-site distances and their distribution within the molecules. This permits retention of mathematically simple, spherically-symmetrical models for the inter-site potentials.
The site-site assumption also gives rise to a powerful concept of transferrable inter-site potentials 1,2 wherein model parameters are tuned for specific atomic or group (e.g., -CH x )
interactions based on limited experimental data (e.g., densities, heats of vaporization, dipole moment, etc.) for a training set of compounds that contain the specific sites. These site parameters are then assumed to be transferrable to all molecules that contain the site. The power of the transferrable site potential approach is that tabulated site parameters obtained from a training set of compounds can be used in predictive simulations for compounds not included in the training set. Limitations of the approach include those previously mentioned regarding the use of experimentally regressed parameters as well as inherent lack of transferability due to different electronic environments for bonded sites with different neighboring sites. four-, and five-body interactions for condensed-phase methane. Secondly, the use of true pair potentials may give better consistency between simulated properties. Thirdly, because of the more rigorous tie to theory, it is hoped that site-site pair potentials will be more transferrable than their empirically deduced counterparts. Finally, pair potentials can be determined directly from ab initio potentials, avoiding the difficulties associated with the inverse problem of regressing potential parameters from macroscopic property data.
We report here a continuation of the work reported in RP. In RP, counter-poise corrected (CPC) methane dimer potentials calculated using MP2/6-311G(2df,2pd) were obtained using the supermolecule approach. We report here similar calculations for the dimer potential of ethane.
We plan similar calculations for n-propane, isobutane, and neopentane to examine the transferability of the atomic site potentials to different molecules and to obtain a complete set of atomic intersite potentials for different CH x -environments.
II. AB INITIO CALCULATION OF INTERMOLECULAR POTENTIAL
A. Background The purpose of this work is to determine the ab initio potential energy surface for ethane dimers consistent with the work done in RP. The ability of spherical atom-atom interactions to reproduce this surface under the assumption of pair-wise additivity is examined. We also examine the performance in this regard of several simple, inter-site potential models for the C-C,
H-H and C-H interactions. These models are examined in terms of parameter coupling and any resultant deterioration of the physical meaning of the parameterized potential. The results of this study in conjunction with RP also contributes to an overall effort to find a complete set of C-C, C-H, and H-H interactions for each different type of CH x -group in small alkanes.
B. Ab Initio Calculations
GAUSSIAN 98 ©,29 was used to perform all of the calculations for this study. The equilibrium geometry for a single, isolated ethane molecule was optimized with MP4/6-311+G(2df,2pd). The geometry obtained is detailed in Table 1 .
All dimer calculations were performed using the isolated, optimized molecular geometry for the monomer in the D3d staggered configuration without relaxation. Although geometry relaxation could be included in the dimer calculations, we are interested here in obtaining potential parameters for the rigid ethane model commonly used in MD simulations. It is clear that in the actual condensed-phase environment, torsional, angle and bond strain will occur.
These effects can be approximately included in MD simulations through additional internal potentials; what we seek here is a parameterization of inter-site potentials from the most stable rigid ethane structure. All dimer energies included counter-poise corrections (CPC) to eliminate basis set size differences between the monomer and dimer calculations. face at right angles, (2) for F2 the line bisects the C-C bond and is perpendicular to that bond, (3) for E1 and E2 the line bisects at right angles the edge line (note that in the case of E2 this line also bisects the H-C-H angle), and (4) for V the line passes along the C-H bond. Thus, the F1-F1
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route is defined by a line that passes through all four carbon atoms; a V-V route is defined by a line along a C-H bond in both monomers; and so forth. In addition to the 15 routes formed from unique combinations of the five defined structural identifiers, a variation on seven of the routes was formed by rotation of one molecule about the line of approach to set up a different configuration for the hydrogen atoms on the two approaching molecules (see for example the V-V and V-V(180E) configurations in Fig.1 ). Table II shows a matrix of the 22 routes in terms of
these structural identifiers.
In conjunction with the inherent symmetry of the pairs, these 395 CPC energies provide a relatively complete potential energy surface for ethane dimers in the region where attraction can be important. We call this set of data the "attraction data set"even though some of the data are for distances where the potential is positive. The results for the attraction data set are given in Table   III . An additional 128 points (approximately six per route) were calculated at separation distances closer than those for the attraction data set in order to more clearly define the repulsive region of the potential surface. We call these data the "repulsion data set." These latter results are not given in the paper, but can be obtained from the authors.
III. ANALYTICAL SITE-SITE PAIR POTENTIALS
The reduction of the ab initio pair potentials into site-site potentials is not trivial. For each distance between molecular centers along each route there are 36 H-H, 24 C-H, and four C-C pair interactions. Because bond distances are short compared to the effective range of dispersion, all 64 pair interactions may contribute to the sum for each orientation as shown in Eq. (1). Thus, where again the indices i and j refer to sites on molecules 1 and 2, respectively. Likewise parameters in the potential models for C-C, C-H and H-H must, in theory, be regressed simultaneously. However, as in PR we found that the parameters in the C-C model were difficult to obtain despite the large quantity of data with different spatial orientations. This difficulty
results primarily from the much larger sensitivity of the intermolecular potential to H-H and C-H interactions. In an effort to understand the sensitivity of the total potential to these site-site interactions, we numerically calculated the sensitivity coefficients, S i , for each parameter in the site-site regression, where p i represents parameter i in the site-site model. For the purpose of calculating these sensitivity coefficients, the modified-Morse site-site model, introduced in PR, was used with values of the parameters obtained from regression of the potential surface (see Section III.C below).
Three key aspects are illuminated by the plot of sensitivity coefficients for the F1-F1 route shown in Fig. 3 . First, the potential is insensitive to the ε parameter in the H-H potential over the whole approach distance. Second, the identical shapes and sensitivity of the r* and A parameters for the C-C potential shows that these two parameters are coupled and can not be regressed independently from the energies for this route. Third, all of the other parameters are sensitive and uncoupled and should be obtainable from the regression. Sensitivity coefficients for other routes yield essentially the same message. The F2-F2 route which from geometry considerations should enhance the relative C-C contributions is shown in Fig. 4 . However, even for this route the r* and A parameters are coupled over most of the range. While there is some decoupling of the parameters at very short distances, their sensitivity is actually lower than in Fig. 3 , and in this
region the sensitivity coefficients of the other model parameters rise much faster. This sensitivity analysis suggests that it is impossible to get the C-C spatial information (r* and A) from the dimer energies and that the H-H ε parameter will be rather uncertain due to the lack of sensitivity of the dimer energies to it.
This coupling between parameters in the C-C model is a characteristic of the geometry and pair-wise additive calculation, not the particular interatomic model chosen. We have used the modified-Morse potential to illustrate the problem, but the same problem occurred for all of the other models tested as well. The geometry of the molecules with the C atoms interior to the H atoms results in a shielding of the C-C interactions in the sense that the C-H and H-H interactions dominate because of their closer proximity to each other than the C-C interactions. This effect is compounded by the fact that there are 15 times as many C-H and H-H pairs as there are C-C.
Parameter coupling was overcome in PR by eliminating one of the spatial parameters in the C-C model. In PR the separation distance at which the C-C energy in the modified-Morse model is a minimum, r CC * , was constrained to be related to the minimum H-H and C-H distances by
The use of this approximation still leaves the C-C potential ill-defined because the other model parameters then depend upon this arbitrary definition. As the real problem is the relative insignificance or screening of the C-C terms in Eq. (3), we choose here to eliminate the C-C terms entirely from the summation to obtain,
'
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We call this a screened pair-additive (SPA) potential in which the central C-C interactions do not contribute. We found this model to effectively represent the dimer energies while solving the parameter uniqueness problem. Any actual contributions to the summation by the C-C terms are included in the effective C-H and H-H terms. This SPA model is used in the studies discussed below excepted as noted.
A. Lennard-Jones potential
The Lennard-Jones (LJ) potential has been used widely to represent interatomic interactions in MD simulations. The LJ potential is often represented in two forms:
where ε is the depth of the potential well and σ is the value of r at which u ij becomes zero. The second form is related to the first by
The parameters C 12 and C 6 for the C-H and H-H potentials were regressed from the ab initio data with a resultant sum of squared residuals (SSR) equal to 10.9 (kcal/mol) 2 and an average absolute residual per point (AAR) of 8.4x10 -3 kcal/mol. Values obtained for the parameters are listed in Table IV . The relatively high SSR indicates that the LJ interatomic model is not very effective in modeling the potential surface generated from ab initio calculations. In addition, the model was not able to simultaneously describe both the attraction and repulsion data sets. (The results
shown in Table IV are for the attraction set). Moreover, the resultant interatomic potentials for the H-H interactions appear non-physical. As shown in Fig. 5 , the regressed H-H potential is repulsive at longer distances and attractive at very short distances.
B. Exp-6 model
The exp-6 model can be written as where the damping factor, f(r), provides additional flexibility beyond the original equation (with f = 1 ) in switching between repulsion and dispersion. We have tested the exp-6 model with f = 1 for both C-H and H-H potentials. The fit was significantly better than the LJ model with SSR = 6.42 (kcal/mol) 2 and AAR = 6.4x10 -3 kcal/mol. In this case, the parameters A and B were regressed from the repulsion data set, and then the C 6 parameter was obtained from the attraction data set. In spite of the better fit to the ab initio values, the physics of the resultant interatomic models are incorrect as can be seen in Fig. 6 . The C-H potential shows a second attractive region at short distances.
We should point out that we have also regressed the potential surface using this model with a separation of partial charges on the C and H nuclei into an additional Coulombic term. In this case the partial charges were determined from both electrostatic potential and Mulliken population analyses. Unfortunately, the two methods gave different signs for the partial charges assigned to the C and H atoms. But, in both cases, the results were very similar to the exp-6 without the charge separation.
Recently, Hodges et al. 30 proposed several damping functions, the simplest (fewest adjustable parameters) of which was examined in this study. The form used here was In this potential model there are 10 parameters, five for each pair interaction. The decoupling and regression of these parameters was done using the method suggested by Hodge's et al. The parameters A and B in Eq. (10) were regressed first using only the repulsion data set. The t, b, and C 6 parameters were then regressed simultaneously (six parameters) using both the attraction and repulsion data sets.
The exponential term with regressed values of A and B described the repulsion data set very well. The simultaneous regression of b, t and C 6 was more difficult because of multiple local minima. In this case, a global minimum was found by performing the regression using 10 6 sets, chosen randomly, of different starting values for the parameters. The resultant SSR was 6.18
(kcal/mol) 2 with ARR = 6.3x10 -3 kcal/mol. The damping functions obtained for the two potentials are shown in Fig. 7 . As can be seen, the damping function for the H-H potential is essentially unity, suggesting that the regression might also be done with two fewer parameters by regressing b, t and C 6 for the C-H interactions, but only C 6 for the H-H potential. The SSR when these four parameters were simultaneously regressed was equivalent to the previous case in which a damping function was used for both interactions. The resultant pair-potential for the latter regression is shown in Fig. 8 . Note that with the damping function, the regression now yields physically reasonable interatomic potentials. The repulsive nature of the H-H interactions over the whole range of distances is consistent with the expected repulsion between the equal (partial) charges on the H atoms.
C. Modified-Morse potential
We have also regressed the ab initio dimer energies to obtain six parameters (A, r*, and ε for the C-H and H-H pairs) for Eq. ( and Table V is r* CC = 4.35. 7, 31 We do not believe these potentials offer any advantage over the SPA potentials developed by excluding the C-C interactions.
IV. CONCLUSIONS
We have used MP2/6-311+G(2df,2pd) to calculate CPC energies of ethane dimers in 22 different relative orientations as a function of separation distance in order to generate an accurate representation of the potential energy surface of two ethane molecules. These energies were used to regress the parameters in several simple, analytical, site-site models that can be used for implementation in molecular simulations. The agreement of energies calculated from the site-site models with the ab initio calculations indicates that the use of such models is appropriate and does not limit the accuracy of simulations.
Regression results and sensitivity coefficients using the analytical site-site models suggest that care must be used in obtaining the model parameters and in attributing physical characteristics to the resultant interaction models. Much of this difficulty results from the lack of sensitivity of the calculated potential energy to the shielded C-C interactions. The number of regressed parameters must be reduced to those that are sensitive to the data and are not completely coupled if physically meaningful inter-site potentials are to be obtained. In this vein,
we have used a SPA potential that omits the C-C interactions between these shielded "interior sites." Using the SPA equation, the LJ model was unable to adequately fit both the repulsive and attraction data sets. The exp-6 potential fits the data better, but both models produced nonphysical H-H interactions. With a damping function added, the exp-6 model fit the data quite well and the H-H potential appears more physically reasonable. The modified-Morse potential fits the ab initio potentials best as well as producing interatomic models physically consistent with the charge distributions within the molecules.
The question of parameter transferability for these models yet remains. The results reported here in conjunction with ab initio calculations currently in progress for n-propane, isobutane, and neopentane dimers should help answer this question. -36- 
